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E-mail address: sugatani@u-shizuoka-ken.ac.jp (J.Constitutive androstane receptor (CAR) is a transcription factor regulating the expression of several
genes related to drug metabolism. CAR expression was elevated in human HepG2 and SW480 cells by
serum starvation. From reporter gene assays, mutagenesis, RNA interference, and chromatin immu-
noprecipitation assays, we identiﬁed the serum response element at 142/139 in the CAR gene
transactivated by Elk-1. Whereas treatment with U0126 (ERK inhibitor) enhanced CAR expression,
SP600125 (stress-activated protein kinase inhibitor, SAPK) suppressed the phosphorylation of Elk-
1 caused by serum-starvation stress and the elevation of CAR mRNA, suggesting that CAR expression
may be mediated by phosphorylated Elk-1 via the SAPK signaling pathway.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Constitutive androstane receptor (CAR, NR1I3) was originally
characterized as a nuclear hormone receptor that interacts with a
subset of retinoic acid response elements [1]. To date, CAR has
been recognized as a xenobiotic-sensing nuclear receptor that
transcriptionally regulates the expression of metabolic enzymes
and transporters involved in the metabolism and elimination of
endogenous and exogenous substances such as bilirubin, steroid
hormones, and xenobiotics [2,3]. CAR is predominantly expressed
in the liver and is localized to the cytoplasm of normal mouse
hepatocytes without stimuli such as drug-treatment [2,4]. CAR is
activated by phenobarbital (PB) and PB-like inducers such as 1,4-
bis[2-(3,5-dichloropyridyloxy)]benzene that do not bind CAR di-chemical Societies. Published by E
AR, constitutive androstane
ium; FCS, fetal calf serum;
X receptor; RXR, retinoid X
, short interfering RNA; SRE,
armaco-Biochemistry, School
-1 Yada, Suruga-ku, Shizuoka
Sugatani).rectly but activate a signal transduction pathway that results in
the translocation of CAR from the cytoplasm to the nucleus [2,4].
In the previous study, we demonstrated that CAR expression
changes during the cell cycle in HepG2 and SW480 cells and CAR
protein accumulates during G1 in both cells [5]. Depletion of CAR
by RNA interference and hepatocyte growth factor treatment in
HepG2 cells resulted in decreased MDM2 expression that led to
p21 upregulation and repression of HepG2 cell growth, suggesting
that CAR may inﬂuence the expression of genes involved in not
only the metabolism of endogenous and exogenous substances
but also in cell proliferation. In this study, we found that the
expression of CAR increased in serum-starved HepG2 and SW480
cells. Up to date, two pathways of the transcriptional activation
of CAR gene mediated by hepatocyte nuclear factor 4a (HNF4a)
and glucocorticoid receptor have been reported [6,7]. Treatment
of primary mouse hepatocytes with the b-adrenergic agonist epi-
nephrine has been reported to elevate intracellular cAMP levels
and to induce both CAR and CAR target genes. Thus, CAR promoter
is regulated by HNF4a, and the fasting- and cAMP-inducible coac-
tivator, peroxisome proliferator-activated receptor c coactivator
1a, coactivates HNF4a on the CAR promoter [6]. Furthermore, the
distal glucocorticoid response element has been identiﬁed within
the CAR promoter, which is capable of conferring transcriptionallsevier B.V. All rights reserved.
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is known about the molecular mechanisms that induce CAR by ser-
um starvation stress; therefore, in this study, we investigated tran-
scriptional regulation of the CAR gene promoter and the signaling
pathway of CAR expression by stress.
2. Materials and methods
2.1. Cell culture conditions
HepG2 human hepatoma cells (1  105 cells/ml) and Hepa1-6
mouse hepatoma cells (5  104 cells/ml) from RIKEN BioResource
Center and SW480 human colon cancer cells (5  104 cells/ml)
from the American type culture collection (2 ml/9.6 cm2/well)
were cultured in Dulbecco’s modiﬁed Eagle’s medium (DMEM)
supplemented with 10% fetal calf serum (FCS), and antibiotics or
DMEM-Ham’s F12-serum-free medium supplemented with 2 mM
glutamine, 15 mM HEPES, 5 lg/ml insulin, 10 lg/ml bovine transf-
erine, 10 ng/ml Na2SeO3, 2 lg/ml aminolevulinic acid, 25 mM glu-
cose, 0.5 mg/ml linoleic acid – albumin, 1 mM pyruvate with or
without human 100 ng/ml growth hormone, and antibiotics unless
otherwise stated.
2.2. Cloning and plasmid
DNA fragments of the 12-kbp 50-ﬂanking region of human CAR
gene [11931/33 (12K), 11931/-5648 (6K50), 5665/33 (6K),
5665/2027 (4K50), 2074/33 (2K), 2074/1233 (2K50),
1238/33 (2K30), 1238/192 (1K50), and 212/33 (1K30)] (the
transcriptional start site of human CAR gene is expressed as the
nucleotide number 1) were obtained from genomic DNA by PCR
ampliﬁcation using speciﬁc primers and cloned between the NheI
and XheI sites of pGL3-tk ﬁreﬂy luciferase reporter plasmid [3,8].
Site-directed mutagenesis was performed using a QuickChange
site-directed mutagenesis kit (Stratagene).
2.3. Biochemical procedures
Quantitative reverse transcription PCR, Western blot analysis,
transfection assays, chromatin immunoprecipitation assay, and
short interfering RNA (siRNA)-mediated protein knockdown were
performed according to standard protocols. Details can be found
in Supplementary data.Fig. 1. Effect of serum starvation stress on the expression of transcription factors in
supplemented with insulin in the presence or absence of 100 ng/ml human EGF for 24 h. I
cells cultured in serum-plus medium were calculated as 1. Inserted ﬁgures express PCR p
**P < 0.01, ***P < 0.001.3. Results
3.1. Serum starvation stress induces CAR expression
In the previous paper [5], we demonstrated that CAR protein
levels vary signiﬁcantly throughout the cell cycle and CAR accumu-
lates during G1 in human SW480 and HepG2 cells. In this study, we
examined whether the expression of CAR increased in cells ar-
rested at the G1 phase by serum starvation. In cells cultured in ser-
um-free mediumwith insulin for 24 h, >70% of the cells were in G1.
The expression of CAR mRNA and protein signiﬁcantly increased,
but that of pregnane X receptor (PXR), aryl hydrocarbon receptor
(AhR) and retinoid X receptor (RXR) did not (Fig. 1). Consistent
with the increased expression of CAR, UGT1A1 and CYP2B6 pro-
teins increased to 5.5- and 1.6-fold of the control, respectively
(data not shown). Treatment with epidermal growth factor (EGF)
suppressed the expression of CAR (Fig. 1).
3.2. Transcriptional activities of various human CAR 50-ﬂanking
fragments
Little is known about the mechanism of transcriptional regula-
tion of human CAR gene, except that CAR promoter is directly reg-
ulated by GR [6] and HNF4a [7] through GR and HNF4a response
elements identiﬁed in the mouse and human promoter gene. In or-
der to locate the serum-starvation stress response element in the
CAR gene, various DNA fragments generated from a 12-kbp 50-
ﬂanking region of the gene were generated and placed in front of
the reporter luciferase gene. These deletion constructs were exam-
ined for their transcriptional activity in HepG2 cells in DMEM con-
taining 200 lM BSA without serum. The 0.2K fragment (212/33)
displayed prominent transcriptional activity, whereas the other 50-
fragments containing the 0.2K fragment were slightly activated in
serum-free medium (Fig. 2A). Nucleotide sequence analysis of the
0.2K fragment revealed two potential binding sites of the Ets fam-
ily [serum response element (SRE) 1, 142/139; SRE2, 110/
107] (Fig. 2B). To deﬁne the roles of each SRE in the 0.2K frag-
ment, these motifs were mutated singly or simultaneously. The
mutated DNAs were constructed into luciferase reporter gene plas-
mids, and subjected to transient transfection assays in HepG2 cells
(Fig. 2B). Mutation of SRE1 (142/139) resulted in a 42% decrease
of the original activity, while that of SRE2 (110/107) retainedHepG2 cells. Cells were cultured in serum-plus medium or serum-free medium
n (A), the mRNA level was normalized to the b-actin mRNA level. The mRNA levels in
roducts of each gene. Data represent the mean ± S.E. of three experiments. *P < 0.05,
Fig. 2. Transcriptional activities of various human CAR 50-ﬂanking fragments (A)
and the effect of mutation in SRE on transcriptional activities (B), assessed by the
expression of a reporter gene encoding ﬁreﬂy luciferase. Transcriptional activity of
the pGL3-tk-ﬁreﬂy luciferase vector reporter gene was calculated as one. The data
represent the average ± S.E. of three experiments.
Fig. 3. Elk-1 directly binds to the serum response element on human CAR gene. In
(A), nucleotide sequences of the proximal promoter motif. In (B), Chip assays were
performed with anti-Ets-1 antibody or anti-Elk-1 antibody or without antibody as a
negative control. DNA samples were ampliﬁed using a pair of oligonucleotide
primers covering SREs in human CAR gene (213/33). Non-precipitated genomic
DNA (input) was also ampliﬁed. In (C), HepG2 cells cultured for 48 h were
transfected with anti-Elk-1 siRNA or mock. At 24 h after transfection, cells were
replaced with each medium, and then cultured for an additional 24 h. The mRNA
levels in cells cultured for 48 h (control group) were taken as 1. Data represent the
means ± S.E. of three experiments. *P < 0.05, **P < 0.01.
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tated, the 0.2K fragment markedly lost transcriptional activity.
3.3. Regulation of CAR transcriptional activity by Elk
To determine whether the Ets family can bind to SREs in the CAR
gene in vivo, we performed Chip assays using HepG2 cells cultured
in serum-free medium. SRE was efﬁciently ampliﬁed using speciﬁc
oligonucleotide primers when the anti-Elk-1 antibody was used in
immunoprecipitation, whereas the results produced using anti-
Ets-1 antibody in identical reaction mixtures were negative
(Fig. 3B). Furthermore, a pair of oligonucleotide primers F1/R2
spanning SRE1 produced positive results, whereas SRE2 was
slightly ampliﬁed using a pair of oligonucleotide primers, F2/R1.
Next, using cells transfected with anti-Elk-1 siRNA we examined
whether Elk-1 contributes to stress-dependent up-regulation of
CAR. As shown in Fig. 3C, transfection with anti-Elk-1 siRNA led
to suppression of the elevation of the CAR mRNA level caused by
serum starvation as well as elevation of the Elk-1 mRNA level. Ta-
ken together, these data indicate that Elk-1 directly binds to SRE1
in the CAR gene in vivo and likely plays a pivotal role in regulating
CAR gene expression.
3.4. Inhibition of CAR mRNA expression and phosphorylation of Elk-1
in serum-starved HepG2 and SW480 cells by SP600125
The expression of CARmRNA and protein signiﬁcantly increased
in HepG2 and SW480 cells by serum starvation but not in Hepa1-6
cells, while nucleotide sequence analysis of mouse CAR gene with
27 nucleotides at the transcriptional start site longer than human
CAR gene revealed 2 potential SREs in the proximal region [SRE1,
GGAT (345/342); SRE2, GGAA (80/77)] (Fig. 4A and Supple-
mentary Fig. 1). To assess the signaling pathway of CAR induction
caused by serum starvation, we examined the effects of U0126(ERK inhibitor), LY204002 (PI3-kinase inhibitor), SB203580
(p38MAP kinase inhibitor) and SP600125 (stress-activated protein
kinase inhibitor, SAPK) on CAR mRNA expression in cells cultured
in serum-free medium in the absence of insulin. U0126 but not
U0124 (negative control) further enhanced the increased levels of
CAR mRNA in serum-starved cells (Fig. 4B–D). Similarly,
LY294002 increased the CAR mRNA levels, suggesting that ERK
and PI3-kinase may be involved in the negative effect of growth
factors such as EGF and HGF on CAR expression. Only SP600125
signiﬁcantly prevented the increase in CAR mRNA levels in ser-
um-starved HepG2 and SW480 cells but not in serum-starved
Hepa1-6 cells (Fig. 4B–D). Western blot analysis of the nuclear ex-
tracts in HepG2 cells indicated that the levels of Elk-1 protein in
the nuclei were not affected by serum-starvation but those of
phosphorylated Elk-1 were increased by the stress (Fig. 4E). We
therefore sought to determine whether SP600125 could prevent
the phosphorylation of Elk-1. As shown in Fig. 4F, treatment of ser-
Fig. 4. Effect of serum starvation stress and cell signaling inhibitors on CAR mRNA
levels (A–D) and phosphorylation of Elk-1 (E, F) in HepG2, SW480 and Hepa1-6
cells. Cells cultured for 48 h were replaced with 10% FCS- or 0.1% FCS-supplemented
medium (A) or serum-free medium in the absence of insulin and treated with
various inhibitors or vehicle (dimethylsulfoxide) (B–F) for an additional 24 h. The
mRNA levels in cells cultured for 48 h (control group) were taken as 1. Data
represent the means ± S.E. of three experiments. *P < 0.05, **P < 0.01, ***P < 0.001
versus control cells or vehicle-treated cells. #P < 0.05, ###P < 0.001 versus cells
cultured in 10% FCS-supplemented medium for 72 h. In (E) and (F), HepG2 cells
cultured for 48 h were replaced with each medium and cultured for an additional
24 h. Cells were collected, and p-Elk and Elk protein levels in nuclear extracts were
determined by Western blotting. C, control cells cultured for 48 h; V, vehicle-
treated cells; SP, SP600125-treated cells.
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lation levels of Elk-1, suggesting that phosphorylated Elk-1 could
be involved in transcriptional activation of the CAR gene by the
stress.
4. Discussion
The nuclear orphan receptor CAR is recognized to transcription-
ally regulate the expression of genes involved in the metabolism
and elimination of endogenous and exogenous compounds such
as steroids, bilirubin, and xenobiotics [1–4]. CAR is active in the ab-
sence of ligand and CAR activators such as phenobarbital cause its
nuclear translocation. A recent report has demonstrated that in
addition to sensing xenobiotic stress, CAR is activated in response
to metabolic or nutritional stress in a ligand-independent mannerin the liver [7]. As the molecular mechanism, it has been demon-
strated that in response to fasting or calolic restriction, the intra-
cellular cAMP level rises, leading to activation of the expression
of PGC-1a that induces CAR through coactivation of HNF4a [6].
In this study, we have shown that the expression of CAR is up-reg-
ulated in human HepG2 and SW480 cells by serum starvation but
not in mouse Hepa1-6 cells (Figs. 1 and 4). In the previous report,
we demonstrated that CAR expression changed during the cell cy-
cle progression in HepG2 and SW480 cells and that CAR expression
contributed to MDM2 expression involved in the CDK4-cyclin D1-
RB signaling pathway for cell proliferation [5]. Thus, to investigate
whether transcriptional activation of the CAR promoter gene is
caused by serum-starvation stress, we analyzed the effects of var-
ious cell signaling inhibitors on the induction of CAR mRNA in ser-
um-starved cells. Since SP600125 inhibited the induction of CAR
mRNA in HepG2 and SW480 cells by serum starvation stress but
not in Hepa1-6 cells (Fig. 4), the SAPK signaling pathway in HepG2
and SW480 cells may be involved in stress-induced CAR expres-
sion. The difference between human and mouse in CAR induction
may be associated with the fact that human CAR is deleted 27
nucleotides at the transcriptional start site in comparison with
mouse CAR. In contrast, while treatment of serum-starved cells
with EGF suppressed the elevation of CAR expression, U0126 but
not U0124 elevated to the higher levels of CAR mRNA more than
serum-starved HepG2, SW480 and Hepa1-6 cells (Figs. 1 and 4).
These results indicated that the ERK signaling pathway may be in-
volved in the suppression of CAR expression, consistent with the
previous report [9].
To obtain more direct evidence on transcriptional regulation of
human CAR gene, we analyzed the CAR gene promoter. Genetic
studies revealed that the DNA fragment at 212/33 displayed tran-
scriptional activity through ETS-like gene-1 (Elk-1) in response to
serum-starvation stress (Figs. 2 and 3). The 0.2K fragment contains
two ETS binding motifs, 50-GGA(A/T), but does not contain the
HNF4a-binding site that is involved in fasting- and cAMP-inducible
CAR expression. While CAR is a glucocorticoid-response gene, the
glucocorticoid response element (GRE) has been identiﬁed in the
distal region of the CAR gene [6] and the 0.2K fragment does not
contain the GRE. The 0.2K fragment mutated at SRE1 or SRE2 but
not at both sites did not completely block transcriptional activity,
indicating that both SRE1 and SRE2 can contribute to in vitro tran-
scriptional activation (Fig. 2B). However, Chip assays demonstrated
that SRE1 (GGAT element) was involved in transcriptional regula-
tion of human CAR gene in vivo (Fig. 3B). GGAT element (SRE) is
not conserved in the proximal region (300 to 1) of mouse CAR
gene. Since serum starvation stress enhanced the extent of phos-
phorylation of Elk-1 but not the level of Elk-1 protein in the nuclei,
and SP600125 inhibited both the induction of CAR mRNA and the
phosphorylation of Elk-1 (Fig. 4), we speculated a model illustrat-
ing this mechanism as follows; in response to serum starvation
stress, Elk-1 is phosphorylated and activated via the SAPK signaling
pathway, and activated Elk-1 then induces the expression of CAR.
Our results suggest that the timely induction of CAR may be asso-
ciated with cell proliferation or attenuation of the G1 checkout
point function for replication that occurs once per cell cycle, as de-
scribed previously. It remains to be clariﬁed whether there is a fun-
damental difference in the induction and function of CAR between
human cancer cells and normal cells. We are now studying the
molecular mechanisms of CAR induction and its function in human
cancer cells and normal cells.Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.febslet.2009.01.051.
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